Background: The complement cascade plays a deleterious role in multiple models of ischemia/reperfusion (I/R) injury, including stroke. Investigation of the complement cascade may provide a critical approach to identifying neuroprotective strategies that can be effective at clinically relevant time points in cerebral ischemia. This review of the literature describes the deleterious effects of complement activation in systemic I/R models and previous attempts at therapeutic complement inhibition, with a focus on the potential role of complement inhibition in ischemic neuroprotection. Translation of these concepts into ischemic stroke models and exploration of related neuroprotective strategies are also reviewed.
Introduction
In an attempt to further develop our understanding of neuronal injury in cerebral ischemia, researchers have focused their efforts on investigating the pathophysiologic changes of leukocytes, cytokines, endothelial cells, adhesion molecules, nitric oxide, and cyclooxygenase as important contributing factors in ischemic brain injury (1) . However, very little attention has been paid to one of the major elements of the inflammatory response, the complement cascade. The complement system is a component of the immune response comprised of multiple cascades that play an integrated role in the initiation and regulation of the inflammatory response. Furthermore, the complement cascade has been shown to play a critical role in a whole host of systemic organ ischemia/ reperfusion (I/R) 1 models of tissue damage (2) (3) (4) (5) (6) (7) (8) , and is believed to have deleterious effects in cerebral I/R injury. Of great interest is the fact that in these models, the mechanism of tissue injury appears to be predominantly vascular in origin.
On a macroscopic level, ischemic cerebral infarction is characterized by occlusion of a major artery after a thromboembolic event (Fig. 1) . Cerebral blood flow changes in focal ischemia are dynamic. In theory, reduction of blood flow is extensive just after vessel occlusion. Collateral circulation may soon develop, leaving a core of severe ischemia and a peripheral area with a gradual decline of blood flow (penumbra) (9). Recanalization of the occluded artery often occurs spontaneously, or can be accomplished surgically or pharmacologically, thereby creating an environment of ischemia followed by reperfusion.
On a microscopic level, this vascular occlusion/ reperfusion event causes damage to downstream neurons, glial cells, and endothelium resulting in
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pan necrosis (9). This damage is a direct result of a complex overlapping of cascades leading to progressive cerebral injury. These inflammatory cascades are especially important in the setting of reperfused stroke where the mechanism of injury appears to be related to exacerbation of microvascular failure and release of reactive oxygen species (1) . This inflammatory up-regulation occurs at clinically relevant time points in several I/R models, anywhere from minutes to days after the ischemic event. Clinical studies have shown that a large portion of patients reperfuse at least part of their ischemic stroke; therefore, investigation of the inflammatory response is critical in our attempts to develop neuroprotective strategies that can be effective at clinically relevant time points.
Stroke remains the third leading cause of death in the United States despite a decline in incidence over the last three decades. Unfortunately, there has been little progress in designing safe and effective treatment regimens in the management of acute stroke. Through extensive research efforts of multiple teams, our understanding of the pathophysiology of acute cerebral ischemia and subsequent neuronal cell death continues to grow. Investigators are continually testing novel neuroprotective strategies targeting multiple cellular cascades based on this newly acquired knowledge of the complicated mechanisms leading to the devastating outcomes seen clinically in stroke.
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This review is focused on the complement cascade and its deleterious effects in the setting of acute cerebral I/R injury. In the setting of cerebral ischemia, a necrotic core is formed, which is surrounded by an apoptotic penumbral region (Fig. 1) . In studying cerebral I/R injury, a distinction between these two regions is important, because molecular events are likely to differ between these regions. For the purpose of this review, when referenced studies specified this distinction, the terms "core" and "penumbra" will be used. When these regions were not specified, the terms "ischemic region" and "ischemic area" will be utilized. To discuss current neuroprotective strategies in cerebral ischemia, we review the deleterious effects of complement activation in I/R models of other organ systems and previous strategies aimed at attenuating tissue damage secondary to complement activation. Translation of these concepts into ischemic stroke models and exploration of novel neuroprotective strategies are also reviewed.
Inflammation and Stroke
Cerebral I/R brain injury evokes a profound upregulation of the inflammatory response, which is initiated within the cerebral microvasculature (1) . Within minutes of the vascular occlusion, multiple cascades of inflammatory events are initiated. These cascades include infiltration and accumulation of neutrophils and macrophages (10-13); platelet accumulation (1,13-15); adhesion molecule up-regulation, such as ICAM-1, P-selectin, and E-selectin (14,16-21); blood-brain barrier destruction (1, 22, 23) ; cytokine production including IL-1, IL-8, tumor necrosis factoralpha (TNF-␣), and platelet activating factor (PAF) (14,24-28); increased nitric oxide levels (1,21,29-34); and cyclooxygenase up-regulation (1, (35) (36) (37) (38) (39) (40) .
Several temporal relationships have already been established regarding the activation of these cascades. For example, after reversible middle cerebral artery occlusion (MCAO) in the rat, P-selectin expression is seen on vascular endothelium within 0-90 minutes, ICAM-1 is present at 2-4 hours, and E-selectin is expressed at 7-24 hours (1). A similar time course is observed in mice (41, 42) . Also, the temporal up-regulation and expression of inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) after cerebral I/R injury has been determined (1) . Expression of these enzymes has been demonstrated to be up-regulated anywhere from 6 hours to 2 days after I/R injury (1) .
One commonly held view is that reperfusion, following occlusion of a cerebral artery, increases cerebral injury (1, 23) . After the initial ischemic event, reperfusion of a major feeding artery following transient obstruction is accompanied by downstream microvascular perfusion defects as demonstrated in several models of I/R injury (11,43). One possible theory for neuronal injury following reperfusion is that microvascular reactivity in response to oxidative barrier, adhesion of polymorphonuclear leukocytes (PMNs) and platelets to the vascular endothelium, and loss of integrin-matrix attachments of endothelial cells and astrocytes that accompany loss of the basal lamina (1, 44) . These changes occur within minutes of proximal vessel occlusion and are not reversible with reperfusion (Fig. 2) . stress is both dynamic and rapid, and that a number of processes are initiated in the microvasculature early that are not recovered during reperfusion.
In response to the onset of inflammatory mediator up-regulation and oxidative stress, cerebral microvessels demonstrate increased permeability of the endothelial cell component of the blood-brain Fig. 2 . Events occuring over time in the cerebral microvasculature and ischemic brain parenchyma in the setting of ischemic stroke. The temporal sequence of events proceeds in a clockwise rotation. In the steady state, blood components pass by the vascular endothelium with laminar flow and the PMNs are in a resting state. At the time of an ischemic insult, the cerebral microvasculature becomes occluded, and adhesion molecule expression is up-regulated on both the PMNs and the vascular endothelium. Within minutes to hours, PMNs begin to "roll" on the vascular endothelium. This process is dependent on the interaction of sialyl Le x with P-selectin. Early changes in the cerebral microvessels include the loss of integrin-matrix attachments of endothelial cells and astrocyte end-feet that accompany loss of the basal lamina. Within several hours, high-affinity adhesion of rolling PMNs to the endothelium involves ICAM-1 binding to beta-integrin counterreceptors. Microvascular failure is exacerbated by platelet accumulation, activation, and GP IIb/IIIa upregulation. This leads to platelet crosslinking through fibrinogen and a "no-reflow" state within the microvasculature. E-selectin expression on the endothelium is up-regulated and activated PMN transmigration into the ischemic neurophil occurs through the pourous microvasculature. Within the ischemic parenchyma, the complement cascade is activated and the production of anaphylotoxins such as C5a further exacerbates PMN activating and accumulation. Activated neutrophils secrete cytotoxic factors such as inflammatory mediators (IL-8, LTB4), proteases, and free radicals into the neurophil. The neuronal response includes decreased energy production, increased expression of C1q on its surface, increases in intracellular Na 1 , Cl 2 , and Ca 1 1 .
Neutrophil activation and accumulation in the cerebral microvasculature play a critical role in neuronal injury in both permanent and reperfused cerebral ischemia (13,23,45-47); however, reperfusion greatly increases leukocyte accumulation (48) . Experimental studies suggest that neutrophil activation and accumulation occurs within the first hours of central nervous system (CNS) I/R injury (24,49). Accumulation of neutrophils, together with red blood cells, fibrin deposition and platelets, can lead to capillary plugging and a reduction of microvascular blood flow, resulting in focal areas of stasis, and the "no-reflow" phenomenon (11, 14, 23, 49, 50) .
As neutrophils accumulate and adhesion molecule expression is up-regulated, PMNs begin to extravasate into the brain parenchyma. Using a model of both transient (2 hours) and permanent MCAO in the rat, Zhang et al. (51) demonstrated an influx of neutrophils into ischemic brain parenchyma which peaked at 6-24 hours and 72 hours, respectively. The early influx of neutrophils in reperfused MCAO has been noted to occur during rapid expansion of the ischemic region. Zhang et al. state that the abrupt increase in the size of the ischemic lesion may be suggestive of the exacerbation of ischemic cell damage resulting from neutrophil influx (51) . The detrimental effects of neutrophil influx has been further demonstrated by the significant neuroprotection observed after inhibition of neutrophil and cytokine actions (52) . Figure 2 illustrates the proposed temporal and spatial relationships of PMNs, endothelial cells, platelets, cytokines, and adhesion molecules in focal cerebral I/R injury. and contributes to the next cleavage in the cascade. The smaller peptide fragment is released from the cell and often mediates inflammatory responses. The early events end with the production of a protease, C3 convertase, which is generated on the surface of a foreign substance. This enzyme cleaves C3 into C3a, a potent anaphylotoxin, and C3b. Multiple C3b molecules bind in clusters around the C3 convertase and act as strong ligands of complement receptor types 1 and 3 (CR1 and CR3) (59) . The C3 convertase also generates a C5 convertase beginning the "late" cascade of events by cleaving C5 into C5a, a second potent anaphylotoxin, and C5b (60) . The formation of C5b initiates a reaction sequence from the sixth component (C6) through the ninth component (C9), beginning the terminal pathway, that leads to the formation of the MAC complex, which damages the surface membrane of targeted cells.
The complement system itself has five proteins that inhibit the proteolytic enzymes that activate C3 and C5, and thereby, the C3 and C5 convertases of the alternative and classical pathways. These regulatory components are the two plasma proteins, factor H and C4-binding protein (C4-bp), and three membrane proteins, CR1, decay accelerating factor (DAF), and membrane cofactor protein (MCP) (62) . Regulatory proteins of the complement cascade may be classified into three categories (59): 1) Inhibitors that prevent spontaneous or abortive activation in the fluid phase, 2) regulators that dampen or enhance the normal action of complement against target substances, and 3) inhibitors that protect host cells from the destructive action of complement. Although this classification system is fairly clear, some regulatory proteins do not fit neatly into one category. For example, a major substrate of CR1 is C3b bound to targets. Because CR1, in addition to acting as a receptor, inactivates C3/C5 convertases and prevents further convertase formation, it belongs to both the receptor category and the regulatory protein category.
Complement receptors function in the recognition of ligands, transduction of signals into cells, and induction of cellular responses, such as phagocytosis (59) . Phagocytic cells express CR1, CR3, and C5a receptors (59, 63, 64) . C5a induces margination and chemotaxis of neutrophils (59, 63) , and up-regulates surface expression of CR1 and CR3 (10,59,65), thus recruiting phagocytic cells and rendering them fully active.
Although the primary site of synthesis of complement components is the liver, numerous extrahepatic sources of complement have been found. Paramount to further discussion is the fact that complement biosynthesis in the CNS is now well established in microglia, astrocytes, and neurons (66) . Furthermore, the components of this complement system have been shown to be both complete and functional (66) . These data indicate that the complement system is considerably more complex than was One very important cascade involved in the upregulation of the inflammatory response and PMN activation and accumulation, and has received comparatively little attention, is the complement cascade. Nonetheless, there is compelling in vitro and in vivo evidence demonstrating that the complement cascade plays a vital and specific role in adhesion molecule up-regulation, PMN activation, chemotaxis, and accumulation (2,53-57), as well as platelet activation (55) in the setting of acute inflammation. Furthermore, there is evidence that the complement component, C5a, induces endothelial cell production of reactive oxygen species (ROS) (54) . Using human umbilical vein endothelial cells (HUVEC), Kilgore et al. (58) demonstrated the ability of the terminal component of the complement cascade, the membrane attack complex (MAC), to induce endothelial cell expression of the cytokines IL-8 and monocyte chemoattractant protein-1 (MCP-1).
The complement cascade offers multiple opportunities for targeted blockade strategies that could prove very effective in inhibiting neuronal damage in stroke. In light of this possibility, it is imperative that investigators recognize the potential role of complement as a key cascade in the inflammatory response. To approach this endeavor in a systematic and logical manner, this article will review the basic mechanisms of the intact complement cascade, its different initiators, and its common components.
Complement Overview
The complement system was discovered many years ago as a heat labile component of normal plasma comprised of a set of proteins that work to eliminate microorganisms and other antigens from the body (59, 60) . More than half a century after its discovery, it became clear that complement played a major role in the initiation and control of inflammation in general (61) . Previous research has shown that the complement system consists of three activation pathways: a single terminal pathway, regulatory proteins, and complement receptors (59) . The effector functions of complement can be activated through three pathways: 1) the classical pathway, 2) the lectin pathway, and 3) the alternative pathway (Fig. 3) . Each pathway has a different mechanism for cascade initiation. The classical pathway is commonly activated by antibodies binding to antigen; the lectin pathway is initiated by binding of serum lectin to mannosecontaining carbohydrates on bacteria and viruses; and the alternative pathway can be initiated when a spontaneously activated complement component binds to the surface of a pathogen (60) .
The complement cascade can be divided into "early" and "late" events (60) . The early events consist of a series of proteolytic steps in which an inactive precursor protein is cleaved yielding an active fragment and a small peptide fragment. The active fragment binds to the surface of a pathogen previously envisioned. It is a system of rigorously controlled and highly integrated sets of reactions and interactions (59) present in multiple organ systems. Over the past several decades, researchers have rigorously investigated the role of the complement system in various models of tissue I/R injury.
Ischemia/Reperfusion Injury and Complement: Systemic Models
In 1970, Hill and Ward (8) published a seminal paper on the role of complement in ischemia. They postulated that, because complement played a role in leukotaxis (67, 68) and produced anaphylotoxins (69) , it represented a possible target for inhibition of the two primary features of the acute inflammatory response: accumulation of neutrophils and increased vascular permeability. In a model of myocardial ischemia in the rat, Hill and Ward demonstrated that complement depletion stopped the chemotactic activity of ischemic tissue and blocked neutrophil accumulation. This was a significant finding because complement had traditionally been studied based only on its role in immune hemolysis (70) (71) (72) (73) . CVF is a cobra C3b homologue, a potent specific activator of the alternative pathway of complement. CVF differs from human C3b in that it is not efficiently inactivated and as a result, CVF continues to activate the complement cascade leading to a rapid and prolonged depletion of complement activation potential. Humanized recombinant, single-chain antibody specific for C5 (h5G1.1-scFv) has been shown to reduce soluble C5b-9 formation. Genetically altered mice are indicated with the appropriate genetic deletion (2 /2 ). membrane level. The resulting deposition of the MAC complex on cell membranes may cause irreversible damage in the setting of acute ischemia and decreased blood flow (79, 84) . In support of this concept, Vakeva et al. (85) described the acquired loss of the MAC inhibitor, protectin (CD59), from infarcted myocardium. Protectin expression has been demonstrated on vascular endothelium as well (86) . Alternatively, the identification of MAC complex deposition in I/R injury may be a natural sequelae of the activation of early, upstream complement cascade components (i.e., C1q). Direct tissue damage by deposition of the MAC complex in I/R injury has also been implicated in human myocardium (11), rabbit myocardium (87), rat myocardium (62), organ transplantation (82, 84) , and rat liver (6).
In addition, the MAC complex has been shown to be deposited on reperfused endothelial cells, which might be expected to lead to lytic endothelial cell damage. Alternatively, MAC deposition may initiate (in the sublytic role) coagulation and endothelial retraction thereby potentiating microvascular failure and tissue oxidant stress via leukocyte extravasation (88) . Sublytic concentrations of the MAC complex can also up-regulate P-selectin expression (shared ability of C5a), E-selectin expression, and ICAM-1 expression, all of which are associated with the cerebrovascular "no-reflow" phenomenon and increased cerebral tissue injury (88) .
To further support the role of complement in I/R injury, investigators have used different approaches to demonstrate the protective effect of complement inhibition on ischemic tissue.
Complement Inhibition: Systemic Models
Armed with the compelling evidence that complement plays an integral role in tissue damage in multiple I/R models, investigators have developed strategies targeting different aspects of the complement cascade attempting to alleviate its deleterious effects. The first generation of designed inhibitors was based on naturally occurring complement receptors and regulatory molecules (89) . More recently, humanized antibodies and synthetic molecules that block the activation of complement have been developed (89) .
In the 1960s, Klein and Nelson purified a specific protein from the snake Naja naja kaouthia that activated complement, cobra venom factor (CVF). CVF is a cobra C3b homologue, a potent specific activator of the alternative pathway of complement that functions like mammalian C3b (90) . CVF differs from human C3b in that it is not efficiently inactivated by factors H and I, and therefore cannot be down-regulated. As a result, CVF continues to activate the complement cascade leading to a rapid and prolonged depletion of complement activation potential (Fig. 3) . In a model of permanent coronary
The implication of the complement cascade in acute inflammation sparked a long series of investigations into the role of complement in I/R injuries, of which the most thoroughly studied model system has been ischemic myocardium. Following Hill and Ward, Pinckard et al. (74) demonstrated the consumption of classical complement components in patients after acute myocardial infarction. A series of studies then localized complement components to myocardial tissue following regional ischemia and I/R injury when compared to tissue that was not subjected to ischemic stress (75) (76) (77) (78) (79) . These findings demonstrate that complement activation exacerbates myocardial I/R injuries; however, they could not establish a clear mechanism for complement-induced tissue injury.
Several different animal models have been developed over the years to investigate the possible mechanisms of injury as a result of complement activation in acute ischemic states with subsequent tissue reperfusion. Complement has been shown to indirectly cause tissue damage in I/R by the generation of the anaphylotoxins C3a and C5a and subsequent up-regulation of endothelial cell adhesion molecules resulting in PMN accumulation/activation (57) . The generation of C5a has also been implicated as playing a potential role in tissue damage in I/R models of rat myocardium (62) , baboon myocardium (78), rat intestine (4, 80, 81) , rat liver (6), organ transplantation (82) , and murine skeletal muscle (3) .
In a model of coronary artery I/R injury in the dog, Rossen et al. (83) investigated whether ischemic myocardium released molecules that react with the first component of complement, C1q. They found that mitochondria within ischemic myocardium release C1q-binding proteins, thereby activating the complement cascade. They hypothesized that a possible mechanism of complement activation in I/R is the release of subcellular constituents that bind C1q, thereby activating complement, leading to the release of anaphylotoxins, and thus the subsequent infiltration of inflammatory cells (75, 83) .
Direct deposits of different complement components have been demonstrated on ischemic tissue as well. For example, in a model of myocardial ischemia in the baboon, Pinckard et al. (78) The final common pathway leading to the formation and deposition of the MAC complex has also been shown to occur in the setting of I/R tissue injury. Using antibodies to the human C5b-9 complement complex, Schafer et al. (79) demonstrated selective and exclusive labeling of myocardial cells located in "zones of infarction." They proposed that initial ischemia causes loss of the ability of myocardial cells to regulate complement turnover at the the classical complement cascade by inactivating the proteases C1r and C1s, thus restricting their effects on C1 binding and activation (Fig. 3) . C1-INH has been used in a model of myocardial infarction in the cat by Buerke et al. (109) , who demonstrated that C1-INH administration prior to reperfusion significantly decreased myocardial necrosis and myeloperoxidase (MPO) activity. These findings were confirmed in a model of myocardial I/R in the rat (110) . Furthermore, C1-INH administration in rats decreased P-selectin and ICAM-1 expression following myocardial ischemia reperfusion (111) .
Complement inhibition has opened an entire world of potential novel protective strategies to attenuate tissue damage in the setting of acute I/R injury. A summary of the complement inhibition strategies discussed above is listed in Table 1 . As our understanding of the biology of the complement cascade continues to grow, so does our interest in the development of more precise complement inhibitors. More importantly, the mechanisms of tissue damage via complement activation are continually being investigated. Essential to clinical stroke is the question of whether or not these mechanisms translate into benefit in the setting of cerebral I/R injury.
Cerebral Ischemia AND Complement: Stroke Models
It has become clear that inflammation and tissue destruction in CNS disease is due, at least in part, to the activation of complement (112) . There has been a shift in the paradigm that the CNS is immunologically privileged and that complement, in the setting of an intact blood-brain barrier, is not present in the CNS. Biosynthesis of complement components is the CNS is now well established (66) . Furthermore, there is abundant evidence suggesting that complement plays a direct role in neuronal cell death in the setting of CNS inflammation (112, 113) . As a matter of fact, the deleterious effects of the complement system have been implicated in multiple disease processes including subarachnoid hemorrhage (114) (115) (116) (117) , trauma (118), Alzheimer's disease (119-121), multiple sclerosis (122, 123) , Guillain-Barré syndrome (124), subacute sclerosing panencephalitis (125) , and stroke (15,126). Studies in the last decade have demonstrated that essentially all of the activation components, regulatory molecules, and receptors of the complement system are produced by astrocytes, microglia, and neurons (66, (127) (128) (129) (130) (131) (132) (133) (134) (135) (Table 2) .
Acute I/R brain injury initiates a complex and dynamic cascade of inflammatory events leading to microvascular failure and neuronal cell death. In light of the fact that complement is intrinsically expressed in brain tissue, it seems logical that many of the same mechanisms that caused I/R injury in systemic models may also be at play in cerebral I/R injury. In an attempt to elucidate the possible mechanisms by which complement may exacerbate the artery ligation in the rat, Hill and Ward showed that with CVF, myocardial infarcts failed to develop leukotactic activity and had little neutrophil accumulation (8). Since then, CVF has been shown to significantly reduce myocardial infarct size in several other I/R studies (91) (92) (93) . CVF is also protective against complement-mediated pulmonary injury (94, 95) , shock (5), and xenotransplantation injury (96) .
CR1 (CD35) is a member of a large family of C3 and C4 binding proteins known as the regulators of complement activation (RCA) family. The molecule itself is a single chain membrane-bound glycoprotein. CR1 is a potent regulator of C3 and C5 activation because it is a high-affinity receptor for C3b and C4b. It also has the capacity to accelerate decay of both the classical and alternative pathways because it exerts cofactor activity for factor-I-mediated proteolytic degradation. By removing the transmembrane and cytoplasmic domains of CR1, Weisman et al. (62) were able to synthesize a soluble form of the CR1 receptor, soluble complement receptor 1 (sCR1). Recombinant sCR1 blocked complement activation in human serum by both the alternative and classical pathways (Fig. 3 ). sCR1 has also been shown to significantly reduce complement-mediated tissue damage in numerous animal models of I/R injury such as xenotransplantation (96) , myocardial (62, 97, 98) , pulmonary (84), intestinal (4), skeletal (3), and hepatic (6,99) injury.
Monoclonal antibodies to C5a have shown protective effects in myocardial ischemia (100,101) and, in the setting of septic shock, have improved tissue oxygen extraction (102) . In patients undergoing cardiopulmonary bypass, a humanized recombinant, single chain antibody specific for C5 (h5G1.1-scFv) was recently found to significantly reduce soluble MAC complex formation, leukocyte CD11b expression, postoperative myocardial injury, cognitive defects, and blood loss (103) (Fig. 3) .
Congenital or genetically engineered deficiencies of specific complement components have also been used to study the role of complement in various disease states. In a model of hind limb I/R in the mouse, Weiser et al. (104) demonstrated that vascular injury was significantly decreased in C3 and C4 knock-out mice, suggesting that classical and/or lectin complement pathway inhibition reduces tissue injury (Fig. 3) . Furthermore, C6-deficient rabbits have been shown to be protected against myocardial I/R injury (105) and to have decreased incidence of both fatal arrhythmias and capillary plugging (106) .
C1, the first component of the classical complement cascade, is a multimolecular complex composed of the protein C1q, and the catalytic subunit C1s-C1r-C1r-C1s, the latter of which is a calciumdependent tetramer composed of two different serine proteases (107, 108) (Fig. 3) . C1 esterase inhibitor (C1-INH), a soluble glycoprotein, inhibits the classical complement pathway. Specifically, it stops initiation of (136) examined the expression of anaphylatoxin C3a and C5a receptors (C3aR and C5aR) at both the mRNA and protein levels. They observed a significant increase in the expression of C3aR and C5aR mRNAs in the ischemic cortex. Furthermore, C3aR and C5aR was detected by immunohistochemistry on both neurons and astrocytes. The up-regulation of C3aR and C5aR on glial cells and endothelial cells in response to permanent focal brain ischemia was found to be correlated with reactive gliosis, suggesting that C3a and C5a may mediate pro-inflammatory reactions in response to focal cerebral ischemia (136) . As demonstrated in the systemic models of I/R injury, C3a and C5a may play an active and indirect role in the accumulation and activation of neutrophils, microvascular failure, and neuronal cell damage in the setting of ischemic stroke.
Lindsberg et al. (116) demonstrated complement deposition in brain samples from patients who died after ischemic stroke. Using anti-C5b-9 neoantigen monoclonal antibody, they were able to show complex deposition within areas of infarction necrosis. This group concluded that positive staining for the C5b-9 neoantigen confirmed that the terminal complement pathway had been activated and resulted in MAC assembly in discrete infarct regions (116) . Furthermore, they proposed the mechanistic possibility that a portion of the complement proteins demonstrated within the infarcted tissue may be produced locally in the brain parenchyma after an ischemic insult.
Using a model of transient MCAO in the rat, Nishino et al. (22) used immunohistochemistry to demonstrate the presence of complement factor C3 and IgG in the core area of cerebral ischemia at both 1 and 3 days following reperfusion. From these data, the authors suggest that, in transient cerebral ischemic injury, especially in the core region, dysfunction of the blood-brain barrier follows I/R injury. This breakdown may seriously impair the protective mechanisms of the brain against destructive inflammatory processes as demonstrated by IgG and C3 immunoreactivity (22). Furthermore, the authors theorized that C3 could potentially bind to the Fc fragment of IgG forming a complex which interacts with receptors on phagocytes (such as CR1) and could potentially act as a superopsonin and superlysin, which could "draw out" neurons in the ischemic area (22).
CR3 binds the intermediate C3 cleavage product C3bi (Fig. 3, C3i ,Bb of the alternative pathway) produced during complement activation (137) . Using a monoclonal antibody to CR3 (OX42), Kato et al. (16) investigated the temporal and spatial relationships of complement up-regulation in a model of transient MCAO in the rat. In this study, Kato et al. analyzed three distinct brain regions: 1) "ischemic area" (ischemic core), 2) "transitional zone" (penumbra), and 3) "surrounding areas" (16). Furthermore, they analyzed brain sections at 4 hr, and 1, 3, 7, and 14 days after ischemia. They reported OX42 immunoreactivity in both microglia and invading leukocytes. After 1 day, they observed fragmented OX42-positive debris (destroyed microglial cells) and scattered OX42-positive small, round cells (leukocytes, most likely neutrophils) in the ischemic core. After 3 days, they demonstrated accumulation of OX42-positive leukocytes within the infarct. After 7 days, the infarct core was covered by OX42-positive larger round cells (monocytes/macrophages), and they demonstrated a narrow rim of high cellularity, OX42-positive microglia in the penumbra. Finally, at 14 days, the number of OX42-positive cells had decreased. It would be premature to interpret the mechanistic significance of these findings without further investigation. However, the spatiotemporal up-regulation of CR3 demonstrated in this study adds evidence for the local generation of complement components in the setting of cerebral I/R injury.
In a recent in vitro study, Tohgi et al. (138) used PC12 rat cell culture as a model system for studying the expression of C1q, a critical initiator of the classical complement cascade (Fig. 3) , in the setting of hypoxia. PC12 cells are of neuroectodermal origin, and have been used previously as a model system for studying neuronal cell death under diverse conditions, including hypoxia (138) . In this study, cultured cells were subjected to 9 hr of hypoxia and then returned to a standard normoxic atmosphere for subsequent analysis at 0, 6, 12, 24, 48, and 72 hr after hypoxia (138) . Using reverse transcriptase polymerase chain reaction (RT-PCR), Toghi et al. showed that, prior to hypoxia, PC12 cells did not express C1q mRNA. After hypoxia, however, C1q mRNA was expressed at 0 hr posthypoxia and continually expressed thereafter (138) . Furthermore, C1q expression was demonstrated to continue up to 72 hr, with a peak expression at 24 hr posthypoxia (138) . This in vitro study demonstrated an up-regulation of C1q after hypoxia in PC12 cultured cells in the absence of other cellular components, but did not identify mechanisms by which C1q mRNA is up-regulated in response to hypoxia. Nevertheless, these findings provide compelling support for complement up-regulation by neuronal cells in the setting of ischemic stress.
Using an in vivo model of transient MCAO in the mouse, our group was recently able to demonstrate the presence of C1q on neurons following cerebral I/R injury (15). After subjecting mice to 45 min of MCAO followed by 23 hr of reperfusion, prominent neuronal staining for C1q was seen in the ipsilateral cerebral cortex. Barely detectable levels of C1q were demonstrated in contralateral cortical neurons, and nonischemic control brain did not demonstrate any detectable C1q (15). The presence of C1q ety of disease states in the CNS. Researchers have taken data from systemic I/R models and have begun to apply them to cerebral I/R models in an attempt to further elucidate the role of complement in the pathophysiology of cerebral ischemia.
Complement Inhibition and Stroke
To develop novel neuroprotective strategies in the setting of cerebral I/R injury, researchers have turned to the complement system for potential targets. Following much of what has proved successful in systemic models, many of the same complement inhibition strategies have been investigated in the brain.
In an attempt to determine if removal of the complement system could provide protection for the brain during I/R injury, Vasthare et al. (140) pretreated a cohort of rats with CVF 1 day prior to temporary cerebral ischemia. Reversible forebrain ischemia was then performed by bilateral common carotid artery occlusion for 15 min followed by a reduction in blood pressure to 50 mmHg by hemorrhage (140) . Cerebral blood flow (CBF) and somatosensory evoked potentials (SSEPs) were monitored throughout the study period (140) . To determine complement depletion in animals pretreated with CVF, a CH33 assay was used, which demonstrated a marked depletion in complement hemolytic activity in the experimental group (140) . These data showed that CBF in complement-depleted animals was significantly higher during the reperfusion period when compared to controls (140) . Furthermore, SSEPs could not be detected in any of the control animals during the first 10 min of reperfusion and in only one control animal after 15 min of reperfusion (140) . On the contrary, SSEPs were present in all of the CVF-treated animals after 5 min of reperfusion (140) .
The data reported by Vasthare et al. (140) show that complement depletion, prior to cerebral I/R injury, may have neuroprotective effects. Unfortunately, by depleting the complement system prior to ischemia, a separate analysis of the effects of complement depletion during I/R injury cannot be performed. Furthermore, the effects of complement depletion may disrupt other cellular events not analyzed in this study. The effects of CVF on the coagulation system, for example, might account for improved CBF and significant return of SSEPs in the reperfusion period. Despite the weaknesses of this early study, the results obtained the hypothesis that complement activation may exacerbate cerebral I/R injury.
Using a model thromboembolic stroke in the rabbit either with or without concomitant tissue plasminogen activator thrombolysis, Lew et al. (141) studied the effects of complement depletion using CVF on infarct size, CBF, and intracranial pressure (ICP). Contrary to the findings by Vasthare et al. (140) and despite evidence of systemic complement depletion in the CVF treatment groups, Lew et al. found no significant differences in CBF, infarct size, in ischemic cerebral tissue was also confirmed by protein immunoblot analysis. This study lends further evidence for the up-regulation of early complement components in the setting of cerebral I/R injury. The pathophysiologic effects of the presence of C1q on ischemic neurons was further investigated in this study through the administration of soluble complement receptor-1 (sCR1), a potent inhibitor of early complement activation, and will be discussed in detail in the following section.
In a model of transient global ischemia in the rat, Schafer et al. (126) demonstrated the up-regulation of C1q expression in ischemic microglia. Using in situ hybridization, they found C1q mRNA levels to be dramatically increased in microglial cells at 72 hr postischemia. Interestingly, however, C1q mRNA expression was not demonstrated in neuronal cells (126) . Using immunostaining techniques, C1q protein expression was found exclusively on microglial cells throughout all brain areas and at all time points following I/R injury (126) . Astrocytic cells, endothelial cells, and neuronal cells were not found to express C1q by this technique (126) . The pathophysiologic significance of C1q up-regulation by microglial cells after I/R injury were not investigated in this study. However, the authors propose that elevated levels of C1q may promote CNS inflammation through local complement activation, or C1q receptor binding and inflammatory cell activation (126) .
In a more recent study, Van Beek et al. (139) further characterized the glial response and expression of complement factors using a model of permanent MCAO in the mouse. Through semiquantitative RT-PCR, they found elevated levels of C1qB and C4 mRNA in the ischemic cortex at 1 day post MCAO, which peaked at day 3 post MCAO. Using in situ hybridization, they found that C1qB and C4 mRNA was greatly up-regulated at 3 days after MCAO in the perifocal area, forming a rim around the infarction. This finding was confirmed through photoemulsion autoradiography, which clearly demonstrated strong expression of C1qB in cells surrounding the infarcted core. This study helps to establish local complement activation occuring within the CNS in response to ischemia. The authors suggest that local complement activation may contribute to secondary brain damage after a focal cerebral ischemic event (139) .
Although the mechanisms by which complement produces its deleterious effects on neurons in I/R injury are not well understood, it is increasingly apparent that the complement system is present and active in the setting of both permanent and reperfused cerebral ischemia. The belief that complement is not intrinsically expressed in the intact CNS no longer appears to be true. Complement components are actively expressed by every cell type in the brain and their up-regulation in the setting of inflammation now appears well established (66, 112) . Given this, investigators have begun to move forward in attempts to inhibit complement activation in a varior ICP between the complement-depleted animals and their appropriate controls. This study has similar weaknesses with respect to elucidating the effects of CVF on other cellular events as described above. Furthermore, complement may have a role in I/R injury that is dependent on significant reperfusion. Lew et al. state that in previous studies using this same model, the benefit seen with suppression of neutrophil function is related to restoration of CBF. A similar conclusion was also drawn by Prestigiacomo et al. (48) , where antineutrophil strategies proved cerebroprotective in reperfused stroke, but not in animals subjected to permanent stroke. In the study by Lew et al., only a modest return of CBF following clot embolization was seen. This may have minimized any potentially detrimental effect of neutrophil activation, and thus, of the complement cascade.
To address some of the weaknesses of the studies previously discussed, Huang et al. (15) used a model of MCAO and reperfusion in the mouse in which they administered sCR1, a potent inhibitor of complement activation (Fig. 3) , just prior to I/R injury. C1q is a critical initiator of the classical complement pathway (Fig. 3) and a ligand for C1qRp, a receptor on myeloid cells that enhances phagocytosis (142, 143) . The presence of C1q on neurons subjected to I/R injury may target these neurons for opsonization or complement-mediated cell death (15). If this mechanism in fact occurs and has detrimental effects on neurologic outcome, then pharmacologic blockade of this process could potentially improve outcome after I/R injury. Therefore, Huang et al. (15) analyzed the effects of sCR1 administration prior to cerebral I/R on infarct volume, neurologic deficit, PMN accumulation, platelet accumulation, CBF, and intercerebral hemorrhage. They demonstrated that sCR1 colocalized to neurons expressing C1q. Furthermore, sCR1 administration prior to I/R injury was reported to be moderately cerebroprotective in the setting of reperfused stroke as demonstrated by a significant reduction in neurologic deficit, PMN accumulation, and platelet accumulation. Trends were also recognized toward smaller infarct volumes and improved CBF in sCR1-treated animals (15). No significant bleeding risk was noted with sCR1 administration.
Together, these studies suggest a potential place for anticomplement strategies in the treatment of reperfused stroke, but further studies are certainly needed to determine that exact role.
Future Work With Anticomplement Strategies in the Setting of Acute Cerebral Ischemia: Cocktail Strategies and the Use of Translational Models
The temporal and mechanistic overlap of the complement cascade with other biochemical events occurring in cerebral I/R injury is quite complex and as yet only beginning to be understood. However, , convincingly demonstrated binding of cell surface E-selectin and also blockade of P-selectin-mediated cellular adhesion (144) . In vivo work subsequently demonstrated that the fusion protein inhibited selectin-mediated events in addition to the complement cascade, thereby significantly protecting the reperfused brain against leukocyte and platelet recruitment and neuronal injury (15). What is interesting about the nature of this protection is that the degree of pro-inflammatory microvascular failure observed with the fusion protein was dramatically less than with either a solitary anticomplement strategy, sCR1, or a solitary antiinflammatory strategy with sLe x (unpublished observations). This led to the hypothesis that anticomplement strategies were indeed working, at least in part, through protection of the microvascular bed. Further studies, however, showed that this was probably not the only mechanism of protection; although immunohistochemical studies showed marked accumulation of the fusion protein and sCR1 in the cerebral vascular lumen, presumably binding leukocytes and platelets, there was also marked binding to the neuronal cell bodies. When this was further investigated with double staining, it became clear that the sCR1 and the fusion protein were both binding to C1q expressed on ischemic neurons. Perhaps, as alluded to earlier, C1q expression in this context might be marking injured but not dead neurons for deletion by the immune system and that binding by a systemically administered agent might hide these neurons from destruction. Whether hiding them is ultimately beneficial is as yet not entirely clear as animals surviving these experiments were only examined out to 72 hr. Nonetheless, it appears that animals were neurologically improved to the degree that would be expected given the fairly crude neurologic assessments used and the degree of infarct volume reductions seen on pathologic review. More important, however, is the fact that this bifunctional glycoprotein offers one of very few examples of the use of a combined or "cocktail" strategy in the treatment of experimental cerebral I/R injury.
For future strategies in cerebral protection to provide direct clinical benefit to humans, scientists and clinicians will need to collaborate to develop effective models of I/R injury that will translate into the clinical arena. This will require investigators to no longer study therapeutic strategies More extensive research is also necessary in nonhuman primate models to accurately determine the temporal relationships of complement up-regulation with respect to other inflammatory cascades. Studies in primates will not only confirm the importance of these cascades in a markedly different cerebrovascular bed, but will help to guide the design of rational clinical trials, especially in terms of primary endpoints. For instance, it is very difficult to obtain meaningful neurologic outcome data for small rodents. Motor scales, even complex ones that evaluate the time to remove stickers from paws, do not necessarily translate to the human condition where the ability to recover from neurologic injury is considerably more tenuous. Finally, the pathophysiology of cerebral I/R injury may be better understood if we begin to investigate changes in gene expression during and long after an acute ischemic injury. There have been great advances in our understanding of the human genome of late, and the application of these technologies to cerebral I/R injury may provide a better understanding of the precise mechanisms, compensatory and otherwise, that currently elude our understanding and thereby impair our ability to treat the devastation that is human stroke.
